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Abstract Lion (Panthera leo) numbers are in serious decline
and two of only a handful of evolutionary significant units
have already become extinct in the wild. However, there is
continued debate about the genetic distinctiveness of different
lion populations, a discussion delaying the initiation of con-
servation actions for endangered populations. Some lions
from Ethiopia are phenotypically distinct from other extant
lions in that the males possess an extensive dark mane. In this
study, we investigated the microsatellite variation over ten loci

in 15 lions from Addis Ababa Zoo in Ethiopia. A comparison
with six wild lion populations identifies the Addis Ababa lions
as being not only phenotypically but also genetically distinct
from other lions. In addition, a comparison of the mitochon-
drial cytochrome b (CytB) gene sequence of these lions to
sequences of wild lions of different origins supports the notion
of their genetic uniqueness. Our examination of the genetic
diversity of this captive lion population shows little effect of
inbreeding. Immediate conservation actions, including a cap-
tive breeding programme designed to conserve genetic diver-
sity and maintain the lineage, are urgently needed to preserve
this unique lion population.
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Introduction

The lion (Panthera leo) is, after the tiger (Panthera
tigris), the second largest living felid species (Nowell
and Jackson 1996; Macdonald and Loveridge 2010)
and, as the top terrestrial predator in Africa, is a key
species of the savannah ecosystem (Schaller 1972).
Lions are among the best known of wild animal species
and have played an important role in human culture
(Patterson 2007). However, the geographical range and pop-
ulation size of lions have both decreased dramatically due to
anthropogenic causes, and this decline has accelerated in
modern times. Once present in most parts of Africa, lions
are now extinct in many regions of their former geographical
range and threatenedwith extinction in others (IUCN/SSCCat
Specialist Group 2006a, b). Therefore, lions are today classi-
fied as vulnerable according to the IUCN Red List of
Threatened Species.
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One of the regions with a declining lion population is
Ethiopia (Gebresenbet et al. 2009), a mammalian diversity
hotspot situated at the Horn of Africa (Mittermeier et al.
2004). In addition to a few hundred wild lions scattered
throughout the country, there are 20 lions kept at the zoo in
Addis Ababa, the capital of Ethiopia. These lions belonged to
the collection of the late emperor of Ethiopia, Haile Selassie.
He established the zoo in 1948 and the seven founder lions
(five males and two females) are claimed to have been cap-
tured in south-western Ethiopia (see Fig. 1 in Tefera 2003),
although their geographical origin is controversial (Amin et al.
2006; Y. Demeke, personal communication).

Lions are the only felids that possess a mane as a sec-
ondary sexual character in males. Mane development is
dependent on factors such as age, ambient temperature,
nutritional status and testosterone level (Patterson 2007).
The male lions at Addis Ababa Zoo are characterized by a
large, dark brown mane extending down the chest through
the front legs, down the back below the shoulders and the
length of the belly through the groin (Fig. 1; see also Figs. 2
and 3 in Tefera 2003). Compared to male lions from eastern
and southern Africa (mean 0 174–190 kg; Smuts et al. 1980;
Nowell and Jackson 1996; Macdonald and Loveridge
2010), the male lions at Addis Ababa Zoo are also charac-
terized by lower body mass (mean 0 160 kg) and smaller
body size. Based on phenotypic similarities particularly in
the mane, the Addis Ababa lions have been suggested to be
the last true relatives of North African Barbary lions or
South African Cape lions (Tefera 2003).

However, as mane development in captive lions is highly
plastic (Patterson et al. 2006) and strongly influenced by
environmental factors such as climate (West and Packer
2002), we initiated an investigation into the genetic distinc-
tiveness of the lions at Addis Ababa Zoo. Within the larger
frame of lion conservation in Ethiopia (Gebresenbet et al.

2009) and across their pan-African range (IUCN/SSC Cat
Specialist Group 2006a, b), the purpose of the study was to
assess whether specific conservation actions, including field
surveys, captive breeding and further genetic analyses, are
warranted for these animals.

Methods

Samples

Addis Ababa is located at an altitude of 2,440 m and
receives 1,200 mm of rain between April and September.
Maximum and minimum daily temperatures are 21–25 and
5–10 °C, respectively (Tefera 2003). After immobilization
with a xylazine/ketamine combination for medical treat-
ment, EDTA–blood samples of 15 lions (eight males and
seven females) were taken by two of us (KE, JJ) upon the
request of the Ethiopian authorities at Addis Ababa Zoo.
The blood samples were preserved in long-term storage
buffer, kept at −20 °C and transported to our laboratory in
Leipzig after an export permit was obtained from the
Ethiopian Wildlife Conservation Authority.

Microsatellite analysis

DNAwas extracted from 100 μl of blood using the DNeasy
Blood & Tissue Kit (Qiagen). All 15 individuals were
genotyped at ten microsatellite loci (FCA006, FCA082,
FCA097, FCA136, FCA161, FCA178, FCA191, FCA200,
FCA211 and FCA249) that were selected for their known
ability to distinguish African from Asian lions as well as
between African lion populations (Driscoll et al. 2002). All
genetic markers were (CA)n-dinucleotide repeats, initially
identified in the domestic cat (Menotti-Raymond et al.
1999), but with two to 11 alleles observed in lions
(Driscoll et al. 2002). Genotypes were obtained from PCR
amplification by adapting the protocol developed by
Driscoll et al. (2002). In short, microsatellite loci were
amplified in 10 μl reaction volumes containing 1× buffer
II (10 mM Tris–HCl at pH 8.3, 50 mM KCl) (Life
Technologies), 2 mM MgCl2, 250 μM dNTP mix
(Pharmacia), 2 U AmpliTaq Gold DNA® polymerase (Life
Technologies), 50 ng DNA and 4.0 pmol each of forward
and reverse primer (Thermo Scientific). One primer of each
pair was labelled with either hexachloro-6-carboxy-fluores-
cine or 6-carboxy-fluorescine to allow for the parallel anal-
ysis of two PCR reactions in one electrophoresis run.
Amplification was performed on an MJ Research PTC-200
Thermocycler. Samples were denatured at 94 °C for 3 min,
followed by 30 rounds of denaturation at 94 °C for 15 s,
annealing at 55 °C for 15 s and extension at 72 °C for 30 s,
with a final extension step of 10 min at 72 °C. Fragment size

Fig. 1 Male lion at Addis Ababa Zoo in Ethiopia with a characteris-
tically dark brown mane
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for the amplified microsatellites was obtained by electro-
phoresis using a 3130xl Genetic Analyser and GeneMapper
version 3.7 (Applied Biosystems).

In previous studies byDriscoll et al., a total of 60 lions from
six well-characterized populations (Gir Forest, Ngorongoro
Crater, Serengeti National Park, Etosha National Park,
Kalahari Gemsbok National Park and Kruger National Park;
see Fig. 2) had been genotyped (Driscoll 1998; Driscoll et al.
2002). To allow for comparison with these six populations, the
allele lengths of the samples from Addis Ababa Zoo had to be
adjusted to account for system-specific (sequencer and poly-
mer used in the analyses) differences in the detected allele
lengths. Therefore, the genotypes of four randomly selected
individuals from the studies of Driscoll et al. were replicated
in our laboratory in Leipzig as described earlier and the
samples from Addis Ababa Zoo were adjusted accordingly.

Cytochrome b (CytB) gene amplification

The mitochondrial CytB gene was amplified using primers
described by Irwin et al. (1991) (L-glu L14724; H-Thr
H15915). PCR was performed in 20 μl reactions with 1 μl
DNA, 2 U AmpliTaq Gold DNA polymerase and 1× buffer II
(Life Technologies), 1 mg/ml BSA (Sigma-Aldrich), 4 mM
MgCl2, 250 μM dNTP mix and 0.5 μM of each primer. The
PCR conditions used were 94 °C for 10 min, followed by
35 cycles of 94 °C for 20 s, 55 °C for 30 s and 72 °C for 45 s

and a final extension at 72 °C for 4 min. PCR products were
sequenced from both strands using the PCR primers on an
ABI 3730 capillary sequencer (Applied Biosystems). The
Addis Ababa lions' CytB gene sequence has been deposited
in GenBank under the accession number JX023542. The
sequence was then compared to other CytB sequences of lions
retrieved from GenBank (see Table 4).

Data analysis

Microsatellite loci were characterized by the number of ob-
served alleles and their allele frequencies. Genetic diversity
was measured as observed (H0) and expected (HE) heterozy-
gosity by an exact test of Hardy–Weinberg proportion (Guo
and Thompson 1992) using Arlequin version 3.11 (Excoffier
et al. 2005). Deviation fromHardy–Weinberg equilibriumwas
assessed using the Markov chain method for p-value estima-
tion with 1,000 de-memorization steps and 100,000 steps in
the Markov chain. Heterozygosity deficiency and excess were
evaluated with GENEPOP version 4.0.10 (Raymond and
Rousset 1995) with the Markov chain method, 1,000 de-
memorization steps and 10,000 iteration steps. Inbreeding
was measured by the population-specific FIS indices calculat-
ed using Arlequin version 3.11 (Excoffier et al. 2005) with
1,023 permutations.

The genotypes of the lions from Addis Ababa Zoo were
compared with the six lion populations genotyped

Fig. 2 Map showing the
approximate habitats of the
different lion populations
investigated (GIR Gir, NGC
Ngorongoro, SER, Serengeti,
ETO Etosha, KAL Kalahari,
KRG Kruger, AA Addis Ababa).
Ellipses encircle populations
found to cluster in the structure
analyses. The African Rift
Valley is shown as thick dark
lines. Historical and current
geographical distributions of
lions are marked (shading).
Adapted from Barnett et al.
(2006b)
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previously (Driscoll 1998; Driscoll et al. 2002) by 2D princi-
pal component analysis using GENETIX version 4.05
(Belkhir et al. 1996–2004) and by admixture analysis using
STRUCTURE version 2.2 (Pritchard et al. 2000).
STRUCTURE results were graphically represented with the
help of DISTRUCT version 1.1 (Rosenberg 2004). For ad-
mixture analysis, the most likely number of clusters (K) was
estimated. For K values between 1 and 12, three independent
runs each of 100,000 burn-in iterations followed by 1,000,000
Markov chain iterations were performed with the Gibbs sam-
pler. Individuals were clustered assuming the estimated K
populations using the admixture model with the Dinchlet
parameter α set to 1 and the Metropolis–Hastings move was
applied on every tenth iteration.

The haplotype network was computed using Network
version 4.6.1.0 (fluxus-engineering.com), applying the me-
dian joining method with epsilon set to 10 (Bandelt et al.
1999). Transitions were weighted 10 and transversions 30.

Results

Fifteen lions from Addis Ababa Zoo were genotyped at
ten microsatellite loci. Two samples could not be am-
plified for the loci FCA136 and FCA161 and one sam-
ple could not be amplified for locus FCA211. Five of
the ten loci were not in Hardy–Weinberg equilibrium
(FCA082, FCA097, FCA161, FCA178 and FCA 211;
all p≤0.05) and two loci were monomorphic (FCA200
and FCA249; Table 1). Testing for heterozygosity defi-
ciency and excess showed that one of the loci that
deviated from Hardy–Weinberg expectation was defi-
cient in the number of anticipated heterozygotes
(FCA178; p<0.001). This test also revealed that one
locus in Hardy–Weinberg equilibrium showed an excess
of heterozygosity (FCA006; p00.029). Deviation from
Hardy–Weinberg equilibrium and heterozygosity excess
could be a sign of inbreeding in the Addis Ababa lions.
However, calculation of FIS indices for each of the
seven lion populations on the basis of the ten investi-
gated microsatellites revealed that the genetic diversity
of the Addis Ababa lions does not seem to be affected
by inbreeding as the FIS index calculated as a measure
of inbreeding was not significant for them (Table 2).
Also, none of the other lion populations showed signif-
icant inbreeding.

The two monomorphic loci were found to also have
low diversity in the six wild lion populations genotyped
by Driscoll et al. (2002) (Table 3). Locus FCA249 was
fixed in every tested individual of all populations and can be
used to distinguish African from Asian lions (allele lengths of
237 and 239 bp, respectively). In the Addis Ababa lions, a
PCR product of 237 bp was amplified, identifying them as

African lions. Locus FCA200was monomorphic in all but two
wild lion populations (Ngorongoro and Serengeti).
Interestingly, Addis Ababa lions possess a private allele at this
locus, separating them from all of the six wild lion populations
investigated. In addition, the lions at Addis Ababa Zoo possess
private alleles at three other loci (FCA006, FCA082 and
FCA097). Private alleles are not a feature specific to the
Addis Ababa lions since the other lion populations also possess
private alleles at a variety of loci (Table 3). Nevertheless,
private alleles at the ten loci tested are more frequent in the
Addis Ababa lions (five private alleles) as compared to the
other six lion populations (between zero and three private
alleles).

To investigate the relationship among the seven lion
populations, we performed cluster analyses using two dif-
ferent methods. Admixture analysis yielded the most con-
sistent grouping of the seven populations for K04, with a
mean similarity coefficient of 550.57 over three runs,

Fig. 3 Population structure analyses: microsatellite data from seven
lion populations were analysed to identify discrete populations (GIR
Gir, NGC Ngorongoro, SER Serengeti, ETO Etosha, KAL Kalahari,
KRU Kruger, AA Addis Ababa). a Admixture analysis under the
assumption K04. b First two axes of principal component analysis. c
Second and third axis of principal component analysis
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compared with similarity coefficients ranging from 0.04 to
89.10 (mean 0 15.19) for all other K values. The four
distinct clusters at K04 consist of the Asian lions (Gir),
the Ngorongoro and Serengeti lions, the Etosha, Kalahari
and Kruger lions and the Addis Ababa lions, respectively
(Fig. 3a). In the principal component analysis, axis 1,
explaining 15.81 % of the observed genetic variation, sepa-
rates the Asian lions (Gir) from the African ones (Fig. 3b).
Axis 2, which explains an additional 12.15 % of the varia-
tion, separates African lions south-west of the African Rift
Valley (Etosha, Kalahari and Kruger) from those north-east
of it (Ngorongoro, Serengeti and Addis Ababa). The Addis
Ababa lions cluster close to the Ngorongoro and Serengeti
lions on this axis, but there is hardly any overlap between
the two clouds. The distinctiveness of the Addis Ababa lions
becomes apparent when considering axis 3, which explains
an additional 9.98 % of the variation (Fig. 3c).

In order to be able to relate the Addis Ababa lions to
additional lion populations, we amplified and sequenced a
1,089-bp-long fragment of the mitochondrial CytB gene. The
sequence of all 15 Addis Ababa Zoo lions was identical and

most similar to CytB sequences found in GenBank for wild
lions from Cameroon and Chad and zoo lions of supposed
origins from Morocco, Senegal, Sudan, Angola and Congo
(Fig. 4; Table 4). However, the Addis Ababa lions' CytB
sequence differs from these sequences at one nucleotide posi-
tion (CytB852 T→A, position 828 in the alignment of partial
CytB sequences used for network calculation; Fig. 4).
Interestingly, the Addis Ababa lions' CytB gene differed
at 12 positions from the sequence of lions from Sanaa
Zoo with supposed Ethiopian origin, thus clearly sepa-
rating both populations (Fig. 4). However, as the net-
work analysis also shows, the geographical resolution of
mitochondrial DNA is limited.

Discussion

Lion numbers are in serious decline, with two of only a
handful of evolutionary significant units (Dubach et al.
2005; Barnett et al. 2006a; Bertola et al. 2011) already
extinct in the wild (North African Barbary lions and South
African Cape lions) and two others (Asian lions and West
African lions) being close to extinction. Therefore, ex situ
conservation of genetic diversity is becoming a topic of
increasing importance as it may preserve the genetic diver-
sity of species until reintroduction programmes can be suc-
cessfully implemented (see, e.g., Henry et al. (2009) for an
example on the critically endangered Amur tiger). It has
been argued that the genetic heritage of some lion popula-
tions extinct in the wild, such as the Barbary lion, may at
least partially be preserved in captive populations (Barnett et
al. 2006b; Burger and Hemmer 2006; Black et al. 2010).
However, given the limited information on the phenotypes
and especially genetics of now extinct populations, appre-
ciable genetic diversity may already have been lost in the

Table 1 Genetic variation of ten microsatellites in the lion population at Addis Ababa Zoo, Ethiopia

Locus Size range
(bp)

Number of
alleles/locus

N H0 HE HWE p-value
(SD)

HDT p-value
(SD)

HET p-value
(SD)

FCA006 166–192 4 15 0.867 0.660 0.315 (0.001) 0.998 (<0.001) 0.029 (0.001)

FCA082 248–260 3 15 0.467 0.628 0.049 (<0.001) 0.229 (0.001) 0.825 (0.001)

FCA097 134–144 4 15 0.667 0.690 <0.001 (<0.001) 0.247 (0.002) 0.754 (0.002)

FCA136 249–251 2 13 0.538 0.508 1.000 (<0.001) 0.789 (0.001) 0.636 (0.001)

FCA161 180–186 4 13 0.462 0.591 0.030 (<0.001) 0.098 (0.001) 0.942 (0.001)

FCA178 251–253 2 15 <0.001 0.515 <0.001 (<0.001) <0.001 (<0.001) 1.000 (<0.001)

FCA191 142–154 3 15 0.533 0.508 0.808 (0.001) 0.634 (0.002) 0.545 (0.002)

FCA200 246 1 15 – – – – –

FCA211 120–130 6 14 0.929 0.754 0.050 (0.001) 0.992 (0.001) 0.072 (0.002)

FCA249 237 1 15 – – – – –

SD standard deviations, N number of individuals tested, H0 observed heterozygosity, HE expected heterozygosity, HWE Hardy–Weinberg
equilibrium, HDT heterozygosity deficiency test, HET heterozygosity excess test

Table 2 Inbreeding coefficients of seven lion populations. Population-
specific FIS indices and p-values were calculated based on 1,023
permutations

Population FIS index p-value

Gir 0.305 0.142

Ngorongoro 0.070 0.309

Serengeti 0.121 0.241

Etosha −0.144 0.726

Kalahari 0.100 0.296

Kruger −0.182 0.783

Addis Ababa −0.436 0.985
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Table 3 Allele distribution of
ten microsatellites in the six lion
populations genotyped by
Driscoll et al. (2002) and the lion
population at Addis Ababa Zoo,
Ethiopia. Shown are relative
and absolute (in parentheses)
frequencies of alleles within
one population. Frequencies of
private alleles are written in
italics (N number of individuals
tested)

Allele and allele
length (bp)

Population

Gir Ngorongoro Serengeti Etosha Kalahari Kruger Addis Ababa

FCA 006

166 0.53 (16)

178 1.00 (20) 0.20 (4) 0.19 (3) 0.10 (2) 0.10 (2) 0.10 (3)

180 0.05 (1)

188 0.15 (3) 0.05 (1) 0.13 (2) 0.10 (2) 0.35 (7)

190 0.20 (6)

192 0.80 (16) 0.65 (13) 0.30 (6) 0.17 (5)

194 0.25 (4) 0.25 (5) 0.05 (1)

196 0.05 (1)

200 0.05 (1) 0.10 (2)

206 0.06 (1) 0.15 (3) 0.10 (2)

208 0.35 (7) 0.05 (1)

216 0.38 (6)

Alleles/population 1 3 4 5 6 7 4

N 10 10 10 8 10 10 15

FCA082

248 0.43 (13)

250 0.95 (19) 0.75 (15) 0.25 (5) 0.10 (2) 0.30 (6) 0.13 (4)

254 1.00 (20) 0.05 (1) 0.45 (9) 0.20 (4)

258 0.05 (1) 0.20 (4) 0.05 (1)

260 0.30 (6) 0.70 (14) 0.65 (13) 0.43 (13)

Alleles/population 1 2 3 3 3 3 3

N 10 10 10 10 10 10 15

FCA097

134 0.03 (1)

138 0.15 (3) 0.17 (3) 0.05 (1) 0.20 (4) 0.30 (9)

140 0.06 (1) 0.30 (9)

142 0.06 (1) 0.20 (4) 0.17 (3) 0.75 (15) 0.40 (8) 0.10 (2)

144 0.10 (2) 0.17 (3) 0.05 (1) 0.65 (13) 0.37 (11)

146 0.44 (8) 0.15 (3)

148 0.40 (8) 0.44 (8) 0.10 (2)

150 0.50 (9) 0.15 (3) 0.05 (1)

154 0.25 (5) 0.25 (5)

Alleles/population 3 5 5 2 6 4 4

N 9 10 9 10 10 10 15

FCA136

249 0.95 (19) 0.70 (14) 0.58 (15)

251 0.05 (1) 0.30 (6) 0.80 (16) 0.70 (14) 0.70 (14) 0.42 (11)

253 0.10 (2) 0.20 (4) 0.25 (5)

255 1.00 (20) 0.05 (1) 0.05 (1)

257 0.05 (1) 0.05 (1) 0.05 (1)

Alleles/population 1 2 2 4 4 3 2

N 10 10 10 10 10 10 13

FCA161

176 0.10 (2) 0.05 (1)

180 0.05 (1) 0.07 (1) 0.40 (8) 0.08 (2)

182 0.45 (9) 0.65 (13) 0.50 (10) 0.70 (14) 0.29 (4) 0.40 (8) 0.15 (4)

184 0.05 (1) 0.25 (5) 0.35 (7) 0.30 (6) 0.21 (3) 0.15 (4)

186 0.45 (9) 0.05 (1) 0.05 (1) 0.62 (16)

188 0.43 (6) 0.10 (2)

190 0.05 (1)

192 0.05 (1)

Alleles/population 4 3 5 2 4 5 4

N 10 10 10 10 7 10 13
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lion. A substantial loss of genetic diversity is in fact quite
likely for lions as patterns of lion genetic diversity suggest
substantial population subdivision and reduced gene flow
(Antunes et al. 2008), highlighting the importance of pre-
serving local lion populations in decline.

To our knowledge, the males at Addis Ababa Zoo are the
last extant lions to possess a large, dark mane extending
from the head, neck and chest right down to the belly
(Fig. 1). However, whether this phenotypic uniqueness is
related to genetic distinctiveness has been unknown (Tefera

Table 3 (continued)
Allele and allele
length (bp)

Population

Gir Ngorongoro Serengeti Etosha Kalahari Kruger Addis Ababa

FCA178

247 0.20 (4) 0.15 (3) 0.10 (2) 0.25 (5) 0.40 (8)

249 0.35 (7) 0.10 (2)

251 0.70 (14) 0.55 (11) 0.55 (11) 0.55 (11) 0.20 (4) 0.53 (16)

253 1.00 (20) 0.47 (14)

255 0.10 (2) 0.25 (5) 0.20 (4) 0.30 (6)

257 0.05 (1)

Alleles/population 1 3 4 3 3 4 2

N 10 10 10 10 10 10 15

FCA191

132 0.15 (3) 0.70 (14) 0.45 (9)

140 0.10 (2) 0.25 (5)

142 0.15 (3) 0.20 (7)

148 0.05 (1) 0.10 (2) 0.70 (20)

150 0.30 (6) 0.35 (7) 0.10 (2)

152 0.15 (3) 0.40 (8) 0.05 (1)

154 0.40 (8) 0.10 (2) 0.10 (3)

156 1.00 (20) 0.05 (1) 0.05 (1)

158 0.40 (8) 0.30 (6) 0.10 (2)

162 0.05 (1) 0.15 (3)

164 0.10 (2)

Alleles/population 1 5 6 4 2 7 3

N 10 10 10 10 10 10 15

FCA200

246 1.00 (30)

248 1.00 (18) 1.00 (18) 1.00 (20)

250 0.11 (2)

274 0.33 (6) 0.56 (10)

276 0.33 (6) 0.11 (2)

280 1.00 (20) 0.33 (6) 0.22 (4)

Alleles/population 1 3 4 1 1 1 1

N 10 9 9 9 9 10 15

FCA211

120 1.00 (20) 0.33 (6) 0.43 (12)

122 0.89 (16) 0.17 (3) 0.56 (10) 0.04 (1)

124 0.15 (3) 0.20 (4) 0.11 (2) 0.83 (15) 0.07 (2)

126 0.70 (14) 0.65 (13) 0.07 (2)

128 0.15 (3) 0.10 (2) 0.11 (2) 0.21 (6)

130 0.05 (1) 0.18 (5)

Alleles/population 1 3 4 2 2 3 6

N 10 10 10 9 9 9 14

FCA249

237 1.00 (20) 1.00 (20) 1.00 (18) 1.00 (18) 1.00 (18) 1.00 (30)

239 1.00 (20)

Alleles/population 1 1 1 1 1 1 1

N 10 10 10 9 9 9 15
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2003). In this study, we compared, based on microsatellite
and mitochondrial DNA data, the lions from Addis Ababa to
several well-characterized lion populations representative of
their extant range in the wild. Both mitochondrial DNA and
microsatellite data tend to cluster lions geographically and
therefore allow to some extent for approximation of their
geographical origin (Driscoll 1998; Dubach et al. 2005;
Barnett et al. 2006a; Antunes et al. 2008; Bertola et al.
2011). However, mitochondrial data as a single, strictly
maternally inherited locus are easily affected by genetic
introgression from translocated females and are, as shown
by the network analysis (Fig. 4), of limited value for deter-
mining geographical origin. Microsatellites as multiple bi-
parental, unlinked markers are clearly more robust with
regard to introgression and subsequent genetic drift (see,
e.g., Johnson et al. (2010) for an example on the endangered
Florida panther). Both admixture and principal component
analyses of our microsatellite data suggest that the lions at
Addis Ababa Zoo are genetically distinct from all other lion

populations sampled thus far. The results clearly show that
the lions from Addis Ababa belong to the African lion
population rather than to the Asian one, as speculated by
Tefera (2003). This conclusion is supported not only by the
cluster analyses but also by the fact that the lions from Addis
Ababa display the 237-bp allele at locus FCA249, which is
diagnostic for African lions, rather than the 239-bp allele
specific to Asian lions.

Our population structure analyses show the existence
of three African lion clusters: Addis Ababa, north-
eastern Africa (Ngorongoro and Serengeti) and south-
western Africa (Etosha, Kalahari and Kruger; Figs. 2
and 3). As noted previously by other authors (Dubach
et al. 2005; Barnett et al. 2006b; Bertola et al. 2011),
the genetic distinctiveness between north-eastern and
south-western African lion populations coincides with a
physical separation of the two groups through the
African Rift Valley. Although the principal component
analysis suggests that the lions from Addis Ababa are—

Fig. 4 Haplotype network based on partial mitochondrial CytB gene
sequences of lions. The network was built using the Median Joining
algorithm with no outgroup based on an alignment of 1,089 bp of the
CytB gene. Numbers on branches correspond to variable positions
according to the alignment used; the size of the circles relate to the

number of sequences per haplotype (see Table 4 for haplotypes).
Haplotype 6 represented in blue was retrieved in this study and refers
to the Addis Ababa Zoo lions. The other haplotypes were retrieved
from GenBank
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in accordance with their proposed geographical origin—
more closely related to north-east African lions, they are
substantially different from lions in both north-eastern
and south-western Africa. The comparatively high num-
ber of private alleles found in the Addis Ababa lions
further underlines their genetic uniqueness. Given the
observed low inbreeding coefficient in the Addis

Ababa lions, their genetic distinctiveness does not seem
to be a consequence of repeated inbreeding in captivity.
The observed Hardy–Weinberg disequilibrium at five of
the ten loci (Table 1) is probably the result of non-
random mating in captivity rather than non-random
sampling of the founder population. Finally, although
microsatellites have high mutation rates, the time scale

Table 4 Assignment of mitochondrial CytB gene sequences of lions to haplotypes used in Fig. 4. Haplotype 6 was retrieved in this study. All the
remaining haplotypes were retrieved from GenBank

Haplotype Number of sequences Accession number Sample origin Geographical origin

1 1 AF053052 Brookfield Zoo India?

2 1 AY781206 Planckendael Zoo India

3 GU131176–GU131178 Diergaarde Blijdorp Zoo India—Gir Forest

3 2 DQ022291, DQ022293 Rabat Zoo Senegal

1 DQ022292 Rabat Zoo Sudan

8 DQ022294–DQ022301 Rabat Zoo Morocco?

2 AY781195–AY781196 Zoo des Sables-d'Olonne Morocco?

2 DQ018993–DQ018994 Diergaarde Blijdorp Zoo DRC?

1 AY781201 Burgers' Zoo Angola?

4 AY781202–AY781205 Cameroon—Waza NP Cameroon—Waza NP

5 GU131171–GU131175 Cameroon—Waza NP Cameroon—Waza NP

1 GU131170 Cameroon—Bénoué NP Cameroon—Bénoué NP

1 AY781200 Chad—Zakouma NP Chad—Zakouma NP

1 X82300 Unknown Unknown

4 1 GU131169 Cameroon—Bénoué NP Cameroon—Bénoué NP

3 AY781197–AY781199 Chad—Zakouma NP Chad—Zakouma NP

5 1 HM107681 San Diego Zoo Unknown

6 15 JX023542 Addis Ababa Zoo Ethiopia

7 2 DQ022302–DQ022303 Unknown Unknown

2 GU131164–GU131165 Benin Benin

8 1 DQ018995 BCEAW Somalia?

2 GU131181–GU131182 Safaripark Beekse Bergen Somalia?

1 AF384809 Baltimore Zoo Uganda

1 DQ022290 Unknown Unknown

9 4 AY781207–AY781210 Sanaa Zoo Ethiopia

10 3 GU131166–GU131168 Dierenpark Amersfoort Botswana

1 AF384816 RSA—Transvaal—Kapama Game Reserve RSA—Transvaal—Kapama Game Reserve

1 AF384817 Kenya—Tsavo East NP Kenya—Tsavo East NP

1 AF384818 RSA—KwaZulu-Natal—Hluhluwe-Umfolozi Park RSA—KwaZulu-Natal—Hluhluwe-Umfolozi Park

11 1 GU131185 Ouwehands Dierenpark RSA—Kruger NP—Timbavati Game Reserve

12 2 GU131183–GU131184 Ouwehands Dierenpark RSA—Kruger NP—Timbavati Game Reserve

1 AF384810 RSA—Transvaal—Sabi Sands Region RSA—Transvaal—Sabi Sands Region

13 2 GU131179–GU131180 Basel Zoo Namibia

14 1 AF384812 Namibia—Etosha NP Namibia—Etosha NP

1 AF384813 Namibia—Bushmanland Namibia—Bushmanland

1 AF384814 Namibia—Caprivi Strip Namibia—Caprivi Strip

1 AF384815 Botswana—Moremi Game Reserve Botswana—Moremi Game Reserve

15 1 AF384811 Namibia—Etosha NP Namibia—Etosha NP

BCEAW Breeding Centre for Endangered Arabian Wildlife, DRC Democratic Republic of the Congo, RSA Republic of South Africa, NP National
Park
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of a few generations is not long enough for mutations
to play any significant role in our analyses (Driscoll et
al. 2002).

It should be noted that the lions from Addis Ababa
could be more closely related to other populations not
sampled in our microsatellite study, such as those from
Kenya or Uganda investigated by Antunes et al. (2008).
Unfortunately, a meaningful comparison with these data
was not possible since only two microsatellite loci from
our study (FCA006 and FCA211) were investigated in
that study. However, given the substantial population
subdivision of wild lions (Antunes et al. 2008), it is
likely that the genetic distinctiveness of the Addis
Ababa lions will hold up when additional populations
are incorporated into the analysis.

We also compared the lions from Addis Ababa Zoo to
other lion populations based on mitochondrial CytB gene
sequences. This analysis supports the genetic distinctiveness
of the Addis Ababa lions. Even though they cluster with
lions from central Africa, such as lions from Cameroon and
Chad, the CytB sequence of the Addis Ababa lions is
unique. Thus, both the microsatellite and mitochondrial
DNA data suggest the Addis Ababa lions to be genetically
distinct from all lion populations for which comparative data
exist. Therefore, we suggest that the Addis Ababa lions are
treated as a distinct conservation management unit and
priority should be given to preserving their genetic diversity.

The genetic uniqueness of the Addis Ababa lions suggests
that their wild source population is similarly unique. However,
given that the wild source population is unknown and consid-
ering the precarious conservation situation of many wild lion
populations (IUCN/SSC Cat Specialist Group 2006a, b;
Gebresenbet et al. 2009), we believe that the Addis Ababa
lions deserve immediate conservation action. Our results sug-
gest that the lions at Addis Ababa Zoo are both sufficiently
genetically distinct and harbour sufficient genetic diversity to
warrant a captive breeding programme. According to Tefera
(2003), lions of the Addis Ababa Zoo phenotype were also
kept at the emperor's palaces in Addis Ababa, Mekelle and
Asmara. Additional individuals were given to various persons
by the emperor and thus might be expected to occur in
captivity elsewhere. Genetic analyses of phenotypically sim-
ilar individuals will help determine whether those lions share
the same unique ancestry as those at Addis Ababa Zoo. Such
lions could be integrated into an Ethiopian lion captive breed-
ing programme.

Establishing a captive breeding programme should be
regarded as a first step towards conserving this unique lion
population. In the long term, the genetic distinctiveness of
the lions from Addis Ababa Zoo also suggests in situ con-
servation actions. Tefera (2003) mentions that no lions of
the Addis Ababa Zoo phenotype exist in the wild, mainly
due to hunting for their mane. However, this claim needs to

be investigated through field surveys and genetic analysis of
samples collected during such excursions (if possible non-
invasively from hair and/or faeces). According to the
Ethiopian authorities, lions phenotypically similar to those
at Addis Ababa Zoo still exist in the east and north-east of
the country, notably in the Babille Elephant Sanctuary near
Harar (the birth district of the last Ethiopian emperor Haile
Selassie) and southwards to Hararghe. These regions should
thus be prioritized for field surveys. The current local secu-
rity situation will make such excursions difficult, but base-
line field surveys are ranked as a priority for lion
conservation in Ethiopia (Gebresenbet et al. 2009) and thus
are hoped to be conducted in the near future.

In conclusion, our analysis of ten microsatellites as well
as CytB gene sequences of 15 phenotypically distinct lions
from Addis Ababa Zoo shows that these lions are genetical-
ly distinct from Asian lions as well as all African lion
populations for which comparative data were available.
We therefore urge immediate conservation action, including
the establishment of a captive breeding programme, to pre-
serve this unique lion population. This is an extremely
urgent matter because population pressure on wild lions
was identified as the major threat to this species in
Ethiopia (Gebresenbet et al. 2009) and several of the indi-
viduals at Addis Ababa Zoo are reaching the end of their
reproductive period.
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